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MANUFACTURING METHOD OF
SCHOTTKY BARRIER DIODE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The 1nvention relates to a manufacturing method of
Schottky barrier diode device made of a compound semi-
conductor and applied in a high frequency circuit, specifi-
cally to a manufacturing method of Schottky barrier diode
having a planar configuration to achieve a smaller operation
region and overall chip size.

2. Description of the Related Art

The demand for high frequency devices has been rapidly
increasing due to the expanding market for portable tele-
phones and digital satellite communication equipment.
Many of such devices include field effect transistors
(referred to as FET, hereinafter) employing a gallium ars-
enide (referred to as GaAs, hereinafter) substrate because of
its excellent high frequency characteristics. Typical appli-
cation 1n this field includes local oscillation FETs for satel-
lite antenna and monolithic microwave integrated circuits
(MMIC) in which a plurality of FETs are integrated for
wireless broadband. GaAs Schottky barrier diodes are also
used 1n base stations of cellular phone system.

FIG. 1 1s a cross-sectional view of an operation region of
a conventional Schottky barrier diode. An n+ epitaxial layer
22 (a silicon impurity concentration of about 5x10™® ¢cm™
having a thickness of about 6 um 1s formed on an n+ GaAs
substrate 21. An n epitaxial layer 23 (a silicon impurity
concentration of about 1.3x10"" ¢m™) having a thickness of
about 350 nm 1s formed on the n+ epitaxial layer 22. This n
epitaxial layer serves as an operation region.

An ohmic electrode 28 makes a ohmic contact with the n+
epitaxial layer 22 and is made of a AuGe (gold-germanium
alloy)/Ni (nickel)/Au (gold) metal layer disposed as a first
wiring layer. A Ti (titanium)/Pt (platinum)/Au metal layer 32
serves as a second wiring layer, and 1s divided into wiring on
the anode side and wiring on the cathode side. On the anode
side, the T1/Pt/Au metal layer makes a Schottky contact with
the n epitaxial layer 23, and forms a Schottky contact region
31a. The portion of the Ti/Pt/Au metal layer on the anode
side above the Schottky contact region 31 a 1s referred to as
a Schottky electrode 31 hereinafter. An anode electrode 34
1s formed on and completely overlaps the Schottky electrode
31 and 1ts extension. The anode electrode 34 provides an
anode bonding pad and 1s formed by Au plating using the
Schottky electrode 31 and 1its extension as a plating elec-
trode. The Au metal layer serves as a third wiring layer. On
the cathode side, the cathode electrode 35 provides a cathode
bonding pad and 1s formed of the Au layer. The Ti/Pt/Au
metal layer on the cathode side directly contacts the ohmic
clectrode 28. The edge of the Schottky electrode 31 needs to
be on a top surface of a polyimide layer 30 to satisty
photolithographic requirements. Accordingly, a portion of
the Schottky electrode 31, near the Schottky region 31a,
overlaps by about 16 um with the polyimide layer 30 formed
on the ohmic electrode 28 on the cathode side. The entire
substrate and epitaxial layers are at a cathode voltage except
the Schottky contact region 31a. The polyimide layer 30
insulates the anode electrode 34 from the substrate 21 and
the epitaxial layers. The crossing area between the anode
clectrode 34 and the underlining structure is about 1300
um?”, which could provide a large parasitic capacitance to the
device if the thickness of the polyimide layer 30 1s small.
Thus, to have a reasonably small parasitic capacitance, the
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thickness of the polyimide layer must be as large as 6—7 um
even though the polyimide film 30 has a relatively low
dielectric constant.

The n epitaxial layer 23 of the lower impurity concentra-
tion (1.3x10"” e¢m™) is necessary for assuring a Schottky
contact region 31a with good Schottky characteristics and a
high breakdown strength (10V). The ohmic electrode 28 is
formed directly on the n+ epitaxial layer 22 for reducing the
resistance at the contact. For this reason, a mesa etching
process 1s necessary for exposing the top surface of the n+
epitaxial layer 22. The n+ GaAs substrate 21 underneath the
n+ epitaxial layer 22 also has a high impurity concentration,
and has a backside electrode made of the AuGe/Ni/Au metal

layer for an external contact from the backside.

FIG. 2 1s a schematic top view of the conventional
Schottky barrier diode having the operation region shown 1n
FIG. 1. The Schottky contact region 31 a formed on the n
epitaxial layer 23 occupies a central portion of the device.
The diameter of this region 31a 1s about 10 um. A Schottky
contact hole 29 i1s formed in the center of the Schottky
contact region 31a. The T1/Pt/Au metal layer of the second
wiring layer 1s 1n direct contact with the n epitaxial layer 23
through the contact hole 29. The ohmic electrode 28 of the
first wiring layer surrounds the circular Schottky contact
region 31a, and occupies almost a halt of the top surface of
the device.

The Au metal layer of the third wiring layer provides
bonding pads. On the anode side, the pad arca 1s the
minimum area allowed for wire bonding. On the cathode
side, the pad area 1s large enough to provide multiple wire
bonding, which 1s required for reducing the inductance
ogenerated at the bonding pad. The area of the anode bonding
pad is about 40x60 um* and the area for the cathode bonding
pad is about 240x70 um”~.

However, the mesa etching, which 1s required to expose
the n+ epitaxial layer 22 through the n epitaxial layer 23
above for the direct contact with the ohmic electrode 28, 1s
not stable enough to provide accurate patterning of the
device. For example, the wet etching process used 1n the
mesa etching may remove the oxide film 25 around the
contact hole 29, leading to formation of mesa with an
irregular shape. Such an irregular mesa structure may cause
adverse effects on the Schottky barrier diode, especially the
characteristics of the Schottky contact region 31a.

Furthermore, the polyimide layer 30 has a thickness as
large as 6—7 um to reduce the parasitic capacitance generated
between the Schottky electrode 31 and the underlining
structures (the epitaxial layers 22, 23 and the substrate 21)
at the cathode voltage. To form a step coverage of this thick
polyimide layer 30 by the electrodes 31, 34, 35, the edges of
the polyimide layer 30 near the Schottky contact region 31
a must have a tapered cross-section, as shown 1n FIG. 1.
Such a tapered structure gives rise to a variation of the
tapering angle, typically between 30 and 45 degrees. To
accommodate this variation, a long separation between the
Schottky contact region 31a and the ohmic electrode 28 is
required. This separation leads to a large resistance and,
thus, poor high frequency characteristics. The device shown
in FIG. 1 has a separation of about 7 um.

SUMMARY OF THE INVENTION

The mvention provides a manufacturing method of Schot-
tky barrier diode including providing a substrate made of a
compound semiconductor, and epitaxially growing a first
layer of a conduction type on the substrate. The method also
includes implanting impurities 1nto a predetermined region
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of the first layer to form an 1impurity-implanted region of the
conduction type, forming a first electrode making an ohmic
contact with the impurity-implanted region, and forming a
second electrode making a Schottky contact with the first
layer. This step 1s followed by forming a first metal wiring
connected to the first electrode for external connection, and
forming a second metal wiring connected to the second
clectrode for external connection.

The 1nvention also provides a manufacturing method of
Schottky barrier diode including providing a substrate made
of a compound semiconductor, and epitaxially growing a
first layer of a conduction type on the substrate. The method
also 1ncludes 1mplanting 1mpurities into a predetermined
region of the first layer to form an impurity-implanted region
of the conduction type, and forming an electrode making an
ohmic contact with the impurity-implanted region. The step
further includes forming a patterned metal layer making a
Schottky contact with the first layer and being in contact
with the electrode. The patterned metal layer includes a first
metal wiring from the electrode and a second metal wiring
from the Schottky contact.

The 1invention further provides a manufacturing method of
Schottky barrier diode including providing a substrate made
of a compound semiconductor, implanting first impurities
into a first predetermined region of the substrate to form an
operation region of a conduction type, and implanting sec-
ond impurities mnto a second predetermined region of the
substrate to form an 1mpurity-implanted region of the con-
duction type adjacent to the operation region. The method
also includes forming a first electrode making an ohmic
contact with the impurity-implanted region, and forming a
second electrode making a Schottky contact with the opera-
fion region. The method further includes forming a first
metal wiring connected to the first electrode for external
connection, and forming a second metal wiring connected to
the second electrode for external connection.

The 1nvention also provides a manufacturing method of
Schottky barrier diode including providing a substrate made
of a compound semiconductor, implanting first impurities
into a first predetermined region of the substrate to form an
operation region of a conduction type, and 1implanting sec-
ond 1mpurities mto a second predetermined region of the
substrate to form an impurity-implanted region of the con-
duction type adjacent to the operation region. The method
also includes forming an electrode making an ohmic contact
with the impurity-implanted region, and forming a patterned
metal layer making a Schottky contact with the operation
region and being 1n contact with the electrode. The patterned
metal layer includes a first metal wiring from the electrode
and a second metal wiring from the Schottky contact.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross-sectional view of a conventional Schot-
tky barrier diode having a polyimide layer.

FIG. 2 1s a schematic top view of the conventional device
of FIG. 1.

FIG. 3 1s a cross-sectional view of a Schottky barrier
diode of a first embodiment of this invention.

FIG. 4 1s a schematic top view of the device of the first
embodiment.

FIG. 5 1s a partially expanded top of FIG. 4 to show
detailed configuration around a Schottky electrode.

FIG. 6 1s a schematic top view of a Schottky barrier diode
of a modified first embodiment having three separate Schot-
tky electrodes.
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FIG. 7 1s a cross-sectional view of a Schottky barrier
diode of a second embodiment of this 1nvention.

FIG. 8 1s a cross-sectional view of a Schottky barrier
diode of a third embodiment of this invention.

FIG. 9 1s a cross-sectional view of a Schottky barrier
diode of a fourth embodiment of this mnvention.

FIG. 10 1s a cross-sectional view of a Schottky barrier
diode of a fifth embodiment of this invention.

FIG. 11 1s a cross-sectional view of a Schottky barrier
diode of a sixth embodiment of this invention.

FIG. 12 1s a cross-sectional view of a Schottky barrier
diode of a seventh embodiment of this invention.

FIGS. 13A-13E show processing steps of a manufactur-
ing method of the Schottky barrier diode of the first embodi-
ment.

FIGS. 14A—14D show processing steps of a manufactur-
ing method of the Schottky barrier diode of the second
embodiment.

FIGS. 15A—15E show processing steps of a manufactur-
ing method of the Schottky barrier diode of the third
embodiment.

FIGS. 16 A—16E show processing steps of a modified

manufacturing method of the Schottky barrier diode of the
third embodiment.

FIGS. 17A-17E show processing steps of a manufactur-
ing method of the Schottky barrier diode of the fourth
embodiment.

FIGS. 18A—18D show processing steps of a manufactur-
ing method of the Schottky barrier diode of the fifth embodi-
ment.

FIGS. 19A-19E show processing steps of a manufactur-
ing method of the Schottky barrier diode of the sixth
embodiment.

FIGS. 20A-20D show processing steps of a manufactur-
ing method of the Schottky barrier diode of the seventh
embodiment.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 3 1s a cross-sectional view of a Schottky barrier
diode of a first embodiment of this invention. Specifically,
FIG. 3 focuses on an operation region of the first embodi-
ment. The compound semiconductor substrate 1 of this
embodiment 1s an undoped GaAs substrate. An n+ epitaxial
layer 2 having a thickness of about 500 nm and a silicon
impurity concentration of about 5x10™® cm™ is formed on
the substrate 1. An n epitaxial layer 3 having a thickness of
about 250 nm and a silicon impurity concentration of about
1.3x10"" ¢m™ is formed on the n+ epitaxial layer 2. As
shown 1 FIG. 3, the device of the first embodiment has a
planar configuration without any mesa structure.

An impurity-implanted region 7 1s formed underneath the
ohmic electrode 8, and penetrate through the n epitaxial
layer 3 to reach the n+ epitaxial layer 2. The impurity-
implanted region 7 surrounds a circular Schottky electrode
11, and completely overlaps with an ohmic electrode 8. In
the arca near the Schottky electrode 11, the impurity-
implanted region 7 slightly extends beyond the ohmic elec-
trode 8 toward the Schottky electrode 11. In this
conilguration, the separation between the Schottky electrode
11 and the impurity-implanted region 7 1s 1 um. The
impurity-implanted region 7, which reaches from the ohmic
clectrode 8 to the n+ epitaxial layer 2 through the n epitaxial
layer 3, replaces the mesa structure of conventional device
and, thus achieves a planar device structure.
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The ohmic electrode 8 disposed on the impurity-
implanted region 7 1s a part of a first wiring layer made of
a AuGe/N1/Au metal layer. The first wiring layer 1s formed
by depositing AuGe, N1 and Au films 1n this order. The
ohmic electrode 8 has a rectangular shape with a hole
corresponding to the Schottky contact region 11a (FIG. 4).
The separation between the Schottky electrode 11 and the
ohmic electrode 8 1s about 2 um.

The Schottky electrode 11 makes a Schottky contact with
the n epitaxial layer 3 through a Schottky contact hole 9
formed 1n a nitride film 5 covering the surface of the n
epitaxial layer 3. The Schottky electrode 11 has a diameter
of about 10 um, and 1s a part of a second layer wiring made
of a Ti/Pt/Au metal layer, which i1s formed by depositing Ti,
Pt and Au films 1n this order. The n epitaxial layer 3 provides
an operation region of the Schottky barrier diode underneath
the Schottky electrode 11. The thickness of the n epitaxial
layer 3 (250 nm) 1s determined to assure a proper breakdown
voltage. As described below with respect to the descriptions
about the manufacturing method of this device, the Schottky
clectrode 11 1s formed immediately after a removal of the
protecting nitride layer § from the n epitaxial layer 3 so that
a Schottky contact with good characteristics 1s obtained.

A third wiring layer made of a Ti/Pt/Au metal layer 1s
disposed on the Schottky electrode 11 and the ohmic elec-
trode 8, and serves as an anode electrode 14 and as a cathode
clectrode 15. The anode electrode 14 1s in contact with the
Schottky electrode 11, and provides wiring between the
Schottky contact region 11a and an anode bonding pad 14a4.
The nitride film § insulates the anode electrode 14 from the
ohmic electrode, the n epitaxial layer 3 and other underlining
structures, which are at a cathode voltage.

An 1msulating region 6 1s formed underneath the anode
bonding pad 14a by implanting boron 1ons into the epitaxial
layers 2, 3 and the substrate 1. The insulating region 6
prevents the anode bonding pad 14a, which 1s at a anode
voltage, from electrically contacting the epitaxial layers 2, 3,
which are at the cathode voltage. Accordingly, the anode
bonding pad 144 1s disposed directly on the n epitaxial layers
2, 3 and the substrate without any polyimide layer or nitride

film.

The cathode electrode 15 1s in contact with the ohmic
clectrode 8, and provides wiring between the ohmic elec-
trode 8 and an cathode bonding pad 15a. As shown 1n FIG.
4, the cathode electrode 15 partially surrounds the anode
clectrode extending into the Schottky contact region under-
neath the Schottky electrode 11. The impurity-implanted
region 7, which are in contact with the ohmic electrode 8, the
n epitaxial layer and the n+ epitaxial layer 2 are at the
cathode voltage. Accordingly, the cathode bonding pad 154
1s disposed directly on the n epitaxial layer 3.

FIG. 4 1s a schematic top view of the Schottky barrier
diode of the first embodiment, and FIG. 5 1s an expanded top
view of the device of FIG. 4, focusing on the operation
region of the Schottky barrier diode. The Schottky electrode
11 1s located approximately in the center of the GaAs chip.
The Schottky contact region 1s only the portion of the n
epitaxial layer 3 underneath the circular Schottky electrode
11. The 1nsulating region 6 1s larger than the anode bonding
pad 14a, which 1s formed on the 1nsulating region 6.

The area denoted by the broken line 1s the ohmic electrode
8. The impurity-implanted region 7 (omitted form FIG. 4) is
formed underneath the ohmic electrode 8 and covers
approximately the same area of the substrate as the ohmic
clectrode. The Schottky electrode 11 1s located 1n the hole
created 1n the ohmic electrode 8. The cathode electrode 15
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made of the third wiring layer 1s disposed on the ohmic
clectrode 8 to serve as wiring leading to the cathode bonding
pad 15a. The external connection of the cathode electrode 15
has a significant influence on the high frequency
characteristics, including inductance, of the Schottky barrier
diode. In this embodiment, the size of the cathode bonding
pad 154 1s large enough to provide multiple wire bonding, as
many as four, for reducing the inductance.

The area of the anode bonding pad 14a 1s about 60x70
um, and the area of the cathode bonding pad 154 1s about
180x70 um. A stitch bonding process 1n this embodiment 1s
used to fix bonding wires on the bonding pads. The stitch
bonding can fix two wires on the bonding pad i1n one
bonding procedure, and, thus, reduce the required area for
the bonding.

The shaded area of FIG. § shows the intersection between
the anode electrode 14 and the n epitaxial layer 3, which 1s
at the cathode voltage. In this embodiment, the intersection
area is about 100 ym~, which is about one thirteenth of the
intersection area of conventional device (1300 um?).
Because of this reduction, the polyimide layer of conven-

tional device can be replaced by a much thinner nitride film
5.

Because of this planar configuration without any mesa
and polyimide layer, there 1s no need for accommodating,
dimensional variation due to processing 1naccuracy.
Accordingly, the separation between the Schottky electrode
11 and the ohmic electrode 8 1s reduced to about 2 um, and
the separation between Schottky electrode 11 and the
impurity-implanted region 7 1s reduced to about 1 um, in
comparison to the conventional device, which has a sepa-
ration of about 7 um. Because the impurity-implanted region
1s similar to the ohmic electrode 8 1n terms of carrier
conduction, the device of this embodiment has a separation
of about one seventh of the conventional device. This leads
to an improvement of high frequency characteristics over the
conventional device since a shorter separation provides a
smaller resistance.

Furthermore, with the planar configuration, the chip size
reduces from 0.27x0.31 mm* of the conventional device to
0.25x0.25 mm~ of this embodiment. Notably, the size of the
operation region 1s smaller than that of the conventional
device by about one tenth.

FIG. 6 1s a schematic top view of a Schottky barrier diode
of a modified first embodiment. The smaller size of the
operation region of the first embodiment makes it possible to

provide a plurality of operation regions 1n a single device. In
the configuration of FIG. 6, three Schottky electrodes 11 are
arranged 1n one device to further reduce the resistance.
When the Schottky electrodes 11 are divided into smaller
clectrodes while keeping the total surface area of the elec-
trode constant, the distance between the center of the Schot-
tky electrode 11 and the impurity-implanted region 7 1is
further reduced, leading to further improvement of the high
frequency characteristics of the device. Specifically, the
shorter distance promotes efficient carrier trapping in the
impurity-implanted region 7, leading to a reduced cathode
resistance.

FIG. 7 1s a cross-sectional view of a Schottky barrier
diode device of a second embodiment of this invention. The
conilguration of the second embodiment 1s approximately
the same as the configuration of the first embodiment except
that the Schottky electrode 11 of the first embodiment is
formed as a part of the anode electrode 14. Because both of
the Schottky electrode 11 and the anode electrode 14 of the
first embodiment are made of the Ti/Pt/Au metal layer,
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forming both electrodes as a single element made of the
metal layer does not change the high frequency character-
istics of the device. The region denoted by reference
numeral 11a 1s the Schottky contact region formed by the
contact between the anode electrode 14 and the n epitaxial
layer 3. The separation between the 1mpurity-implanted
region 7 and the portion of the anode electrode 14 in the
Schottky contact hole 9 1s 1 um.

FIG. 8 1s a cross-sectional view of a Schottky barrier
diode device of a third embodiment of this invention. The
configuration of the third embodiment 1s approximately the
same as the configuration of the first embodiment except that
the device has a stabilized layer 4 on top of the n epitaxial
layer 3 and the Schottky electrode 11 penetrates the stabi-
lized layer to make a Schottky contact with the n epitaxial
layer 3. The stabilized layer 4 1s made of undoped InGaP and
has a thickness of about 20 nm. The stabilized layer 4
protects the surface of the n epitaxial layer 3 from external
contamination so that a Schottky contact with excellent high
frequency characteristics 1s formed. For this reason, the
portion of the stabilized layer 4 corresponding to the Schot-
tky contact region 1s removed immediately before the for-
mation of the Schottky contact. Furthermore, the presence of
the undoped InGap along the side of the Schottky electrode
11 reduces the capacitance generated in this portion. The
impurity-implanted region 7 and the msulating region 6 are
formed by 1njecting corresponding impurities into the cor-
responding regions through the stabilized layer 4.

FIG. 9 1s a cross-sectional view of a Schottky barrier
diode device of a fourth embodiment of this invention. The
coniiguration of the fourth embodiment 1s approximately the
same as the configuration of the first embodiment except that
the thickness of the n epitaxial layer 3 1s about 270 nm and
a portion of the Schottky electrode 11 1s embedded 1n the n
epitaxial layer 3. The Schottky electrode 11 formed on top
of the n epitaxial layer i1s thermally diffused into the n
epitaxial layer 3. The depth of the embedding of the Schot-
tky electrode 11 1s about 20 nm.

FIG. 10 1s a cross-sectional view of a Schottky barrier
diode device of a fifth embodiment of this invention. The
coniiguration of the fifth embodiment 1s approximately the
same as the configuration of the third embodiment except
that the Schottky electrode 11 of the third embodiment is
formed as a part of the anode electrode 14. Because both of
the Schottky electrode 11 and the anode electrode 14 of the
third embodiment are made of the Ti/Pt/Au metal layer,
forming both electrodes as a single element made of the
metal layer does not change the high frequency character-
istics of the device. The region denoted by reference
numeral 11a 1s the Schottky contact region formed by the
contact between the anode electrode 14 and the n epitaxial
layer 3. The separation between the impurity-implanted
region 7 and the portion of the anode electrode 14 in the
Schottky contact hole 9 1s 1 um.

FIG. 11 1s a cross-sectional view of a Schottky barrier
diode of a sixth embodiment of this invention. The configu-
ration of the sixth embodiment 1s approximately the same as
the configuration of the first embodiment except that the
impurity-implanted region 7 and the operation region of the
Schottky barrier electrode are directly formed into the
substrate made of undoped GaAs. The operation region 1s a
central impurity-implanted region 60, which i1s formed by
injecting the 1impurities, such as Si, 1nto the area surrounded
by the impurity-implanted region 7. The central impurity-
implanted region 60 may have an impurity concentration of
about 1.3x10'” Cm™, and the impurity-implanted region 7
may have an impurity concentration of the same 1impurity
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(Si) of about 1.0x10'® c¢m™. The depth of the central
impurity-implanted region 3 1s about 250 nm, and the depth
of the impurity-implanted region 7 1s about 300 nm. No
epitaxial layer 1s needed because the operation region 1is
directly formed in the undoped GaAs substrate.
Furthermore, no insulating region 1s needed to place the
anode bonding pad 14a on, because the anode bonding pad
144 1s directly placed on the substrate 1, which is essentially
an 1nsulating material.

FIG. 12 1s a cross-sectional view of a Schottky barrier
diode device of a seventh embodiment of this invention. The
conflguration of the seventh embodiment 1s approximately
the same as the configuration of the sixth embodiment
except that the Schottky electrode 11 of the sixth embodi-
ment 1S formed as a part of the anode electrode 14. Because
both of the Schottky electrode 11 and the anode electrode 14
of the sixth embodiment are made of the Ti/Pt/Au metal
layer, forming both electrodes as a single element made of
the metal layer does not change the high frequency charac-
teristics of the device. The region denoted by reference
numeral 11a 1s the Schottky contact region formed by the
contact between the anode electrode 14 and the n epitaxial
layer 3. The separation between the impurity-implanted
region 7 and the portion of the anode electrode 14 in the
Schottky contact hole 9 1s 1 um.

FIGS. 13A-13E show process steps of a manufacturing
method of the Schottky barrier diode of the first embodi-
ment. A device intermediate shown in FIG. 13A 1s prepared
following the process steps below. First, an n+ epitaxial
layer 2 1s formed on an undoped GaAs substrate 1 by an
MOCYVD process. The n+ epitaxial layer 2 has a thickness of
about 500 nm and a silicon impurity concentration of about
5x10™ cm™. An n epitaxial layer 3 having a thickness of
about 250 nm and a silicon impurity concentration of about
1.3x10"" cm™ is formed on the n+ epitaxial layer 2. A
nitride film 5 1s, then, formed on the entire top surface of the
device intermediate. A resist layer 1s formed on the nitride
film 5 and 1s patterned to open a window for impurity
injection to an isulating region 6 by a photolithographic
process. Boron 1ons are injected through the window created
in the resist film to form the insulating region 6 having a
boron concentration of about 3x10'’ cm™, which reaches
the undoped GaAs substrate 1.

Then, another resist layer 1s formed after the removal of
the first resist layer, and 1s patterned to open a window for
impurity injection to an impurity-implanted region 7 by the
photolithographic process. Silicon impurities are ijected
through the window to form the impurity-implanted region
7 having a silicon concentration of about 1.0x10™® c¢cm™.
The impurity-implanted region 7 penetrates the n epitaxial
layer 3 and reaches the n+ epitaxial layer 2. It 1s better to
inject the silicon 1mpurities 1n a manner to assure an equal
distribution of the impurities along the depth of the
impurity-implanted region 7. One such method 1s to 1nject a
predetermined dose of the impurities 1n a plurality of sepa-
rate 1njection steps, ecach of which may has a different
injection condition. After a removal of the second resist
layer, another nitride film 5 1s formed on the device inter-
mediate for anneal protection, and the device intermediate 1s
annealed to activate the impurity-implanted region 7 and the
insulating region 6.

The process step following the steps of FIG. 13A 1s shown
in FIG. 13B. A new resist layer 1s formed on the entire top
surface of the device intermediate, and 1s patterned to open
a window at a portion corresponding to a ohmic electrode
formation by the photolithographic process. The nitride film

S5 exposed 1in the window 1s removed to expose the top
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surface of the impurity-implanted region 7. A AuGe film, a
Ni film and a Au film are evaporated on the exposed
impurity-implanted region 7 in this order. After a removal of
the resist film with a lift-off process, the device intermediate
undergoes a heat treatment so that the deposited metal films
turn 1nto an ohmic electrode 8 making a ohmic contact with
the 1impurity-implanted region 7.

In the next step shown 1n FIG. 13C, a resist layer PR 1s
formed on the entire top surface of the device intermediate,
and 1s patterned to open a window at a portion corresponding
to a Schottky electrode formation by the photolithographic

process. The nitride film 5 exposed in the window 1s
removed by a dry etching process. As a result, a Schottky
contact hole 9 1s formed to expose the top surface of the n
epitaxial layer 3 at the bottom of the contact hole 9.

In the following step shown 1n FIG. 13D, a Ti film, a Pt
f1lm and a Au film are evaporated on the exposed n epitaxial
layer 3 1n this order. After a removal of the resist film PR
with the lift-off process, Schottky electrode 11 1s formed on
the n epitaxial layer 3. Because the top surface of the n
epitaxial layer 3 1s covered and protected by the nitride film
5 and 1s removed immediately before the Schottky electrode
formation, a Schottky contact can be formed on an i1deal
clean surface.

In the conventional method to form the device of FIG. 1,
the thickness of the operation region i1s determined by an
ctching process of an n epitaxial layer. However, an accurate
control of the etching depth 1s difficult because there are lots
of processing parameters to be controlled, including
temperature, time, swing speed and width 1n an etching bath,
and aging of etching solution. The manufacturing method of
the first embodiment, however, dose not need such etching
control because an n epitaxial layer of an optimal thickness
1s first formed on the substrate.

Furthermore, 1n the conventional process, the separation
between the Schottky electrode and the ohmic electrode 1s as
large as 7 um to accommodate process 1naccuracy due to the
formation of tapered thick polyimide layer. However, 1n this
manufacturing method, only the required breakdown voltage
and the photolithographic accuracy should be taken into
consideration. As a result, a separation of 1 um 1s achieved.

In the next step shown 1n FIG. 13E, an additional nitride
film 5 having a thickness of about 500 nm 1s formed on the
entire top surface of the device mtermediate. A resist layer
1s formed on the nitride film 5, and 1s patterned to open
windows at portions corresponding to Schottky electrode 11,
ohmic electrode 8, an anode bonding pad 144 and a cathode
bonding pad 15a by the photolithographic process. The
nitride film 5 exposed 1n the windows 1s removed by a dry
etching process. After a removal of the resist layer, another
resist layer 1s formed on the nitride film §, and 1s patterned
to open second windows at portions corresponding to an
anode electrode 14 and a part of a cathode electrode 15
adjacent to the Schottky electrode 11. The second resist layer
also has the same windows as the first windows to directly
expose the Schottky electrode 11, ohmic electrode 8, an
anode bonding pad 14a and a cathode bonding pad 13a.
Using this second resist layer as a mask, a metal wiring
pattern 1s formed on the top surface of the device interme-
diate. The metal wiring 1s formed by successively depositing
a T1 film, a Pt film and a Au film in this order. Accordingly,
the Ti/Pt/Au metal layer directly contacts the Schottky
clectrode 11, and also directly contacts the ohmic electrode
8 on 1ts cathode side. The portion of the ohmic electrode 8
under the anode electrode 14 1s insulated from the Ti/Pt/Au
metal layer by the nitride film 5 remaining on the top surface
of the n epitaxial layer 3.
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Because of this planar configuration of this embodiment,
there 1s no need for forming a polyimide layer and a plated
layer on top of the polyimide layer, as in the case of a
manufacturing method of the conventional device of FIG. 1.
Accordingly, the manufacturing method of the device of the
first embodiment 1s much simpler and easier to control than
the conventional method.

After a removal of the resist layer with the lift-off process
and a subsequent backside rapping of the device
intermediate, the device intermediate 1s transferred to an
assembly process. In the assembly process, the compound
semiconductor substrate 1 having individual diode elements
thereon 1s diced and separated into individual chips. The
individual chips are, then, mounted on frames and undergo
a wire bonding process to fix bonding wires on the anode
bonding pad 14a and the cathode bonding pad 15a. In this
embodiment, gold wires are bonded to the bonding pads
using a well known stitch bonding process. Finally, the
individual chips are molded by a transfer molding process.

In the conventional manufacturing method, a thick Au
plated layer 1s needed to mcrease the mechanical strength of
the wiring layer and the bonding pad because the polyimide
layer underneath generates stresses 1n the upper metal layer
during wire bonding process and soldering process of
assembled product. In the planar configuration of this
embodiment, a much thinner wiring layer and bonding pad
are used because the metal layer 1s disposed on the substrate
without any intervening polyimide layer.

FIGS. 14A-14D show process steps of a manufacturing,
method of the Schottky barrier diode of the second embodi-
ment. Steps of FIGS. 14A and 14B are approximately the
same as the steps of FIGS. 13A and 13B. The impurity-
implanted region 7 and the insulating region 6 are formed on
the two epitaxial layers 2, 3 formed on the substrate 1 (FIG.
14A), and the ohmic electrode 8 is formed on the impurity-
implanted region 7 (FIG. 14B). In the next step, however,
the formation of the Schottky electrode 11 of the first
embodiment 1s skipped. Instead, the additional nitride film §
is formed on the device intermediate and patterned (FIG.
14C). The anode 14 1is, then, directly formed on the n

epitaxial layer 3, together with the cathode electrode 15 and
the anode and cathode connecting pads 14a, 15a (FIG. 14D).

FIGS. 15A—-15E show process steps of a manufacturing,
method of the Schottky barrier diode of the third embodi-
ment. The steps are approximately the same as those of first
embodiment except that a stabilized layer 1s formed on top
of the n epitaxial layer 3. In the first step (FIG. 15A), an
undoped InGaP layer 4 1s formed on the n epitaxial layer 3,
and the 1mpurity-implanted region 7 and the insulating
region 6 are formed by injecting corresponding impurities
into those regions through the InGaP layer 4. The ohmic
clectrode 8 1s formed on the impurity-implanted region 7
(FIG. 15B), and the contact hole 9 is formed through the
nitride film § and the InGaP layer 4 by dry etching the nitride
film § and wet etching the InGaP layer 4 to expose the top
surface of the n epitaxial layer 3 (FIG. 15C). The etching rate
of InGaP under the etching process 1s much higher than the
ctching rate of GaAs. Accordingly, only the InGaP layer 4 1s
removed by the etching process without damaging the GaAs
portion of the n epitaxial layer. Immediately after the expo-
sure of the n epitaxial layer, which has been protected by the
stabilized layer 4 up to this point, the Schottky electrode 11
is formed on the top surface of the n epitaxial layer (FIG.
15D). Thus, a Schottky contact with excellent high fre-
quency characteristics can be formed. The anode electrode
14 and the cathode electrode 15 are, then, formed on the
device intermediate.
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FIGS. 16 A—16E show process steps of a modified manu-
facturing method of the Schottky barrier diode of the third
embodiment. The steps are approximately the same as those
of FIGS. 15A-15E except that a portion of the Schottky

clectrode 11 1s embedded in the n epitaxial layer 3 by
diffusion. The first two steps (FIGS. 16A and 16B) are

approximately the same as those of FIGS. 15A and 15B.
Then, the contact hole 9 1s formed through the nitride film
5 by the dry etching to expose the top surface of the InGaP
layer 4, and four metal films, a Pt film, a T1 film, a Pt film
and a Au film, are deposited on the InGaP layer 4 1n this
order (FIG. 16C). The deposited films and the device inter-
mediate are, then, heated at about 400° C. so that the Pt film,
directly contacting the InGaP layer 4, 1s diffused into the
InGaP layer 4 and reaches the n epitaxial layer 3 (FIG. 16D).
The heat treatment should be controlled so that the penetra-
fion of the Pt film stops at the interface between the InGaP
layer 4 and the n epitaxial layer. In the next step, the anode

electrode 14 and the cathode electrode 15 are formed on the
device intermediate (FIG. 16E).

FIGS. 17A-17E show process steps of a manufacturing
method of the Schottky barrier diode of the fourth embodi-
ment. The steps are approximately the same as those of the
first embodiment except that a portion of the Schottky
clectrode 11 1s embedded 1n the n epitaxial layer 3. The first
two steps (FIGS. 17A and 17B) are approximately the same
as those of FIGS. 13A and 13B except that the thickness of
the n epitaxial layer 3 1s 270 nm. Then, the contact hole 9 1s
formed through the nitride film 5 by the dry etching to
expose the top surface of the n epitaxial layer 3, and four
metal films, a Pt film, a T1 film, a Pt film and a Au film, are
deposited on the n epitaxial layer 3 in this order (FIG. 17C).
The deposited films and the device intermediate are, then,
heated at about 400° C. so that the Pt film is diffused into the
n epitaxial layer 3 (FIG. 17D). The heat treatment should be
controlled so that the depth of the diffused portion of the Pt
f1lm 1s about 20 nm. In the next step, the anode electrode 14

and the cathode electrode 15 are formed on the device
intermediate (FIG. 17E).

FIGS. 18A—18D show process steps of a manufacturing,
method of the Schottky barrier diode of the fifth embodi-
ment. Steps of FIGS. 18A and 18B are approximately the
same as the steps of FIGS. 15A and 15B. The impurity-
implanted region 7 and the insulating region 6 are formed
through the InGaP layer 4, which convers the two epitaxial
layers 2, 3 formed on the substrate 1 (FIG. 18A). The ohmic
clectrode 8 1s formed on the impurity-implanted region 7
(FIG. 18B). In the next step, however, the formation of the
Schottky electrode 11 of the first embodiment 1s skipped.
Instead, the additional nitride film 5 1s formed on the device
intermediate and patterned (FIG. 18C). The anode electrode
14 1s, then, directly formed on the n epitaxial layer 3,

together with the cathode electrode 15 and the anode and
cathode connecting pads 14a, 15a (FIG. 18D).

FIGS. 19A-19D show process steps of a manufacturing,
method of the Schottky barrier diode of the sixth embodi-
ment. The steps are approximately the same as those of the
first embodiment except that the impurity-implanted region
7 and the central impurity-implanted region 60, which 1s also
formed by an imjection of impurities, are formed directly on
an 1nsulating substrate 1. First, the nitride film 5 1s formed
on the top surface of the undoped GaAs substrate 1. A resist
layer 1s formed on the nitride film § and 1s patterned to open
a window for impurity injection to an area of the central
impurity-implanted region 60. Silicon impurities are
injected to the substrate 1 with a concentration of about
1.3x10"" cm™"" using the patterned resist as a mask. After
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removal of the resist layer, another resist layer 1s formed and
1s patterned to open a window for impurity injection to an
arca of the impurity-implanted region 7. Silicon impurities
are 1njected to the substrate 1 with a concentration of about
1.0x10™ cm™" using the patterned resist as a mask. At the
edge of the central impurity-implanted region 60, the
impurity-implanted region 7 slightly overlaps with the cen-
tral impurity-implanted region 60 so that there 1s no sepa-
ration between the two regions 7, 60. After the removal of
this resist layer, yet another resist layer 1s formed for
annealing the central impurity-implanted region 60 and the
impurity-implanted region 7 (FIG. 19A). After this step, the
ohmic electrode 8 1s formed on the 1mpurity-implanted
region 7 (FIG. 19B), the contact hole 9 is formed to expose
the central impurity-implanted region 60 (FIG. 19C), the
Schottky electrode 11 1s formed on the central 1mpurity-
implanted region 60 (FIG. 18D), and the anode electrode 14
and the cathode electrode 15 are formed on the device
intermediate.

FIGS. 20A-20D show process steps of a manufacturing
method of the Schottky barrier diode of the seventh embodi-
ment. Steps of FIGS. 20A and 20B are approximately the
same as the steps of FIGS. 19A and 19B. The central
impurity-implanted region 60 and the impurity-implanted
region 7 are formed on the substrate 1 (FIG. 20A), and the
ohmic electrode 8 1s formed on the 1mpurity-implanted
region 7 (FIG. 20B). In the next step, however, the formation
of the Schottky electrode 11 of the sixth embodiment is
skipped. Instead, the additional nitride film 5 1s formed on
the device intermediate and patterned (FIG. 20C). The anode
14 1s, then, directly formed on the central impurity-
implanted region 60, together with the cathode electrode 15
and the anode and cathode connecting pads 14a, 15a (FIG.
20D).

The above 1s a detailed description of a particular embodi-
ments of the mvention which are not intended to limit the
invention to the embodiments described. It 1s recognized
that modifications within the scope of the invention will
occur to a person skilled 1n the art. Such modifications and

equivalents of the invention are intended for inclusion
within the scope of this invention.
What 1s claimsed 1s:
1. A manufacturing method of Schottky barrier diode
comprising;:
providing a substrate made of a compound semiconduc-
tor;
epitaxially growing a first layer of a conduction type on
the substrate;

implanting impurities 1into a predetermined region of the
first layer to form an impurity-implanted region of the
conduction type;

forming a first electrode making an ohmic contact with
the 1mpurity-implanted region;

forming a second electrode making a Schottky contact
with the first layer;

forming a first metal wiring connected to the first elec-
trode for external connection; and

forming a second metal wiring connected to the second

clectrode for external connection.

2. The manufacturing method of Schottky barrier diode of
claim 1, further comprising epitaxially growing a second
layer of the conduction type on the substrate before epitaxi-
ally growing the first layer, wherein the implanting of the
impurities 1s such that the impurity-implanted region reaches
the second layer through the first layer.

3. The manufacturing method of Schottky barrier diode of
claims 1 or 2, further comprising forming a stabilized layer
on the first layer before implanting the 1mpurities.
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4. The manufacturing method of Schottky barrier diode of
claim 3, further comprising forming a contact hole for the
second electrode 1n the stabilized layer before the forming of
the second electrode.

14

16. The manufacturing method of Schottky barrier diode
of claims 12 or 13, wherein the substrate comprises an
undoped GaAs substrate.

17. A manufacturing method of Schottky barrier diode

5. The manufacturing method of Schottky barrier diode of 5 comprising:

claim 3, wherein the forming of the second electrode com-
prises depositing a Schottky metal film on the stabilized
layer and diffusing a portion of the Schottky metal film into
the stabilized layer so that the Schottky metal film 1s 1n
contact with the first layer.

6. The manufacturing method of Schottky barrier diode of
claim 5, wherein the Schottky metal film comprises a Pt film
in contact with the first layer.

7. The Schottky barrier diode of claim 3, wherem the
stabilized layer comprises an undoped InGaP layer.

8. The Schottky barrier diode of claim 3, wherem the
stabilized layer has a higher etching rate than the first layer
under an etching condition.

9. The manufacturing method of Schottky barrier diode of
claim 1, wherein the forming of the second electrode com-
prises depositing a 11 film, depositing a Pt film on the T1 film
and depositing a Au film on the Pt film.

10. The manufacturing method of Schottky barrier diode
of claims 1 or 2, wherein the forming of the second electrode
comprises depositing a Schottky metal film on the first layer
and diffusing a portion of the Schottky metal film into the
first layer.

11. The manufacturing method of Schottky barrier diode
of claims 1 or 2, wherein the substrate comprises an undoped
GaAs substrate.

12. A manufacturing method of Schottky barrier diode
comprising:

providing a substrate made of a compound semiconduc-
tor;

epitaxially growing a first layer of a conduction type on
the substrate;

implanting impurities 1nto a predetermined region of the
first layer to form an 1mpurity-implanted region of the
conduction type;

forming an electrode making an ohmic contact with the

impurity-implanted region; and

forming a patterned metal layer making a Schottky con-

tact with the first layer and being 1n contact with the
clectrode; the patterned metal layer comprising a first
metal wiring from the electrode and a second metal
wiring {rom the Schottky contact.

13. The manufacturing method of Schottky barrier diode
of claim 12, further comprising epitaxially growing a second
layer of the conduction type on the substrate before epitaxi-
ally growing the first layer, wherein the implanting of the
impurities 1s such that the impurity-implanted region reaches
the second layer through the first layer.

14. The manufacturing method of Schottky barrier diode
of claims 12 or 13, further comprising forming a stabilized
layer on the first layer before implanting the impurities.

15. The manufacturing method of Schottky barrier diode
of claim 12, wherein the patterned metal layer comprises a
first bonding pad connected to the first metal wiring and a
second bonding pad connected to the second metal wiring.
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providing a substrate made of a compound semiconduc-
tor;

implanting {first impurities 1nto a first predetermined
region of the substrate to form an operation region of a
conduction type;

implanting second impurities 1nto a second predetermined
region of the substrate to form an impurity-implanted
region of the conduction type adjacent to the operation
region;

forming a first electrode making an ohmic contact with
the 1impurity-implanted region;

forming a second electrode making a Schottky contact
with the operation region;

forming a first metal wiring connected to the first elec-
trode for external connection; and

forming a second metal wiring connected to the second

clectrode for external connection.

18. The manufacturing method of Schottky barrier diode
of claim 17, wherein the forming of the second electrode
comprises depositing a T1 film, depositing a Pt film on the Ti
f1lm and depositing a Au {ilm on the Pt film.

19. The manufacturing method of Schottky barrier diode
of claim 17, wherein the substrate comprises an undoped
GaAs substrate.

20. A manufacturing method of Schottky barrier diode
comprising:

providing a substrate made of a compound semiconduc-

tor;

implanting {first impurities 1nto a first predetermined

region of the substrate to form an operation region of a
conduction type;

implanting second impurities 1nto a second predetermined
region of the substrate to form an 1mpurity-implanted
region of the conduction type adjacent to the operation
region;

forming an electrode making an ohmic contact with the
impurity-implanted region; and

forming a patterned metal layer making a Schottky con-

tact with the operation region and being 1n contact with

the electrode; the patterned metal layer comprising a

first metal wiring from the electrode and a second metal

wiring {rom the Schottky contact.

21. The manufacturing method of Schottky barrier diode
of claim 20, wherein the patterned metal layer comprises a
first bonding pad connected to the first metal wiring and a
second bonding pad connected to the second metal wiring.

22. The manufacturing method of Schottky barrier diode
of claim 20, wherein the forming of the second electrode
comprises depositing a 11 film, depositing a Pt film on the Ti
film and depositing a Au {film on the Pt film.

23. The manufacturing method of Schottky barrier diode

of claim 20, wherein the substrate comprises an undoped
GaAs substrate.
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